We report the effect of conformational dynamics on the fluctuations of electric fields in the active site of the enzyme Ketosteroid Isomerase (KSI). While KSI is considered rigid with little conformational variation to support different stages of the catalytic cycle, we show that KSI utilizes cooperative side chain motions of the entire protein scaffold outside the active site, which contribute negligibly to the electric fields on the substrate, by progressively stabilizing electric field contributions by particular active site residues at different timescales. The design of synthetic enzymes could benefit from strategies that can take advantage of the dynamics by using electric fields fluctuations as a guide.
The field of enzyme catalysis is undergoing a very active phase to improve our understanding of enzymatic function in order to enhance synthetic enzyme design. 1 As for all enzymes, the detailed active site energetics plays a central role in the catalytic outcome, and its characterization has reached a stage where theoretical connections to experiment are tightly coupled. The pivotal role of electrostatics in the preorganized enzyme environment has long been established [2] [3] [4] because it eloquently serves as a unified descriptor of the molecular interactions that are responsible for the stabilization of the reaction transition state. 5 In fact our group successfully used electric fields to predict and ultimately improve enzymatic efficiency, effectively replacing the early rounds of laboratory directed evolution to increase enzyme performance by one to two orders of magnitude for a designed Kemp Eliminase 1, 6 . For KSI much work has been devoted to the energetics of the active site and in particular to the role of the extended hydrogen bond network that stabilizes the oxyanion hole. 8 A previous study found compelling evidence for long-range structural coupling within the hydrogen bond network of a group of tyrosines, with minimal influence of the remainder of the protein scaffold. In a QM/MM study, Hammes-Schiffer and colleagues identified water molecules with a direct role in the KSI active site, while also demonstrating that their presence did not conflict with the formation of short hydrogen bonds stabilizing the KSI intermediates. [10] [11] Pioneered by Fried et al. [12] [13] [14] [15] [16] , electric fields are becoming an increasingly popular tool to rationalize catalytic effects, especially in enzymes 1, [5] [6] . They performed vibrational Stark Spectroscopy experiments using carbonyl probes to measure the electric fields in the active site KSI and KSI mutants, 5, 17 including conservative variants where tyrosines were replaced by 3-chlorocytosines. 7 From these experiments, they established a linear correlation between the strength of the electric fields in the active site and the activation free energy of the reaction, and a direct connection between the strength of a hydrogen bond and the electric field it exerts. 7 Subsequent theoretical studies have found support for the idea that electric fields strongly correlate with the efficiency of the catalytic process for KSI 18 . Markland and co-workers used ab initio path integral molecular dynamics (MD) simulations to further characterize KSI's active site hydrogen bond network, 19 observing enhanced proton flexibility within the active site. They also proposed an atomistic interpretation of the high electric fields in the active site of KSI 8 in which only a few first shell residues, namely Tyr-16 and Asp-103, were responsible for the fields, a result consistent with earlier work highlighting a very compact active site 20 .
KSI has been traditionally categorized as a very stiff protein with limited catalytically relevant conformational changes. 5, 12 This viewpoint would be supported in Figure 2 , which uses the AMOEBA polarizable force field to characterize the electric fields projected onto the carbonyl bond of 19-NT from water as well as a breakdown from different residues of KSI.
Overall, the classical electrostatic field is calculated to be -108.9 ± -4.9 MV/cm, which is in reasonable agreement with the work of Fried et al., especially when considering the full range of uncertainty in the fitting procedure used to convert Stark spectroscopy measurements to electric field values (from -120 and -150 MV/cm). 17 Furthermore, we find that the majority of electric field effects comes from the three main catalytic residues: the general base, Asp-40, which contributes -15.85 MV/cm, and the residues Tyr-16 and Asp-103 which contribute -44.47
MV/cm and -37.75 MV/cm, respectively. This is in qualitative agreement with ab initio MD simulations that reported 95% of the electric field in the active site of KSI comes from Tyr-16
and Asp-103. 8 Previous theoretical studies have emphasized the need for polarization to compute electric fields 9, 21 ; to further illustrate this point, our simulations ran without mutual polarization reduces the average electric field by 40 MV/cm (-108.93 ± -4.9 to -68.08 ± -3.1). Hence our calculations using full mutual polarization can capture nearly all the physics governing the production of electric fields in KSI, for which it has the undeniable advantage of accessing longer timescales relevant to this study. The results presented thus far are based on average values of the field, similarly to what can be found in previous literature on KSI. 5, 8, 18, 21 But because enzyme function is also governed by different time scales [22] [23] [24] , then it might be expected that electric field fluctuations both in the active site and from the surrounding protein environment will modulate the enzyme activity. 25 Even rigid proteins undergo small backbone displacements [26] [27] that in turn promote concerted side chain rearrangements [28] [29] [30] [31] that can be important for catalytic function [32] [33] . Zoi et al. showed that electric fields in the active site of KSI at the sub-picosecond timescale increases just before the first step of the isomerization reaction and decreases as it proceeds. But here we consider electric field changes as KSI undergoes conformational changes on much longer timescales than sub-picosecond vibrational motions, by simulating a combination of backbone variability 26 and side chain repacking 34 to access hundreds of nanosecond to microsecond timescales. [35] [36] [37] Our
Monte Carlo Side Chain Entropy (MC-SCE) approach 34 has shown excellent agreement with experimental J-coupling measurements 38 across a wide selection of proteins and protein complexes that access side chain motions on these longer timescales, as well as confirming alternate side chain rotamers important for catalysis and allosteric regulation derived from both room temperature and cryogenically cooled X-ray crystallographic structures [32] [33] . These conformational ensembles that represent the longer timescales are then coupled to the electric field calculation using the AMOEBA polarizable force field at the picosecond timescale. However, the averaging process on the picosecond timescale also obscures the underlying heterogeneity of the electric field data on even longer timescales, in which we find even larger changes of the average electric field depending on the underlying conformational state. This is demonstrated as we now compare panels across Figure 3 with respect to the substrate, and therefore its electrostatic field contribution is large but remains relatively constant over the longer nanosecond to microsecond timescale. But what varies most in the active site of KSI, and hence where most of the electric field variations come from over the longer timescale, is from Asp-103, which sensitively changes its hydrogen-bonding positioning to magnify or diminish its contribution on the total electric field, and hence the efficiency of the reaction (Figure 3(d)-(f) ). These electric field changes correspond to the natural variations that would be expected from collective protein motions that reorients the Asp-103 residue on longer timescales such as the microsecond timescale of substrate turnover. Schwartz and co-workers have stated that, for KSI, "the same protein conformation is used for binding the substrate, isomerizing it, and allowing subsequent product release", whereas other enzymes rely on slower dynamics and hence alternative conformations to complete a catalytic cycle 25 . When considering the " and # rotamers states for Tyr-16 in Figure 4 , it would support that view, since this side chain exhibits dihedral fluctuations of ± 10-20° that is consistent with a single well conformational state [40] [41] , and consistent with its static albeit large electric field contribution. However, the " and # rotamers states for Asp-103 show far more 42 . This is likely one problem in enzyme design where often the active site is "overdesigned", for example the assumption that the role of Asp-103 is to stabilize the oxyanion hole, and thus fails to incorporate productive coupled motions on different timescales that supports the enzyme turnover cycle 43 .
In summary, these results reconcile the idea that electric field fluctuations manifested through multi-timescale conformational dynamics are paramount to enzyme catalysis, just like energetic electrostatic stabilization of the transition state, by modulating the catalytically relevant conformations of the complete cycle 43 . This has several consequences starting with drawing attention to the importance of long-time sampling of conformational ensembles when interpreting experimental observables, as average fields from vibrational Stark Spectroscopy cannot be explained with single trajectory of tens of picoseconds. Second this emphasizes the role of dynamics in modulating the electric fields in the active site by magnifying or diminishing their contributions, and hence affecting the efficiency of the catalytic cycle. This is especially important to consider when designing new enzymes for which we can promote stable, catalytically relevant conformations on multiple timescales using electric fields fluctuations as a guide.
METHODS
Sampling approaches to creating structural ensembles for KSI. The KSI starting structure was found in the protein databank with docked 19-NT (PDB code : 5KP4 7 ). We created 25 uncorrelated and low energy backbone structures using backrub simulations provided within the Rosetta modeling software package 26, [44] [45] . To generate side chain ensemble diversity, we used our recently developed Monte Carlo method (MC-SCE) 34 , for which we have performed extensive validation across ~60 proteins through comparison to high quality X-ray crystallography data and NMR experiments, to characterize the side chain structural ensemble on the 25 backbone structures for KSI. Briefly, the method uses a Rosenbluth side chain growth protocol sampled from an expanded side chain rotamer library [46] [47] , which are energy weighted according to a physical energy function based on the AMBERff99SB protein force field combined with a GB-HPMF implicit solvent model. 34 Electric field calculations. Using Gromacs 48 , the 25 lowest energy structures were explicitly solvated using a pre-equilibrated water box. We then performed 50 ps equilibration followed by 50 ps production runs in the NPT ensemble using the Tinker software package [49] [50] [51] and the AMOEBA polarizable force field 49, 52 to provide a high quality description of electrostatics in the active site and overall scaffold and solvent. We restrained 19-NT in place using 3 harmonic potentials with 1000 N/m spring constants, between the inhibitor and residues 16 (2.5 -3.5 Å), 40 (3.5 -4.5 Å) and 103 (5.5 -6.5 Å). Electric fields are calculated every picosecond over the 50ps production run at the 2 atoms that make up the carbonyl bond. The electric field is projected onto each bond and the value reported is given by the mean of the electric field at the two atoms involved 53 . 
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